Experiments in a rapid compression machine were used to examine the influences of variations in fuel molecular structure on the autoignition of isomers of pentane. Autoignition of stoichiometric mixtures of the three isomers of pentane were studied at compressed gas initial temperatures between 640 K and 900 K and at precompression pressures of 300 and 400 torr. Numerical simulations of the same experiments were carried out using a detailed chemical kinetic reaction mechanism. The results are interpreted in terms of a low-temperature oxidation mechanism involving addition of molecular oxygen to alkyl and hydroperoxyalkyl radicals. Results indicate that in most cases, the reactive gases experience a two-stage autoignition. The first stage follows a low-temperature alkylperoxy radical isomerization pathway that is effectively quenched when the temperature reaches a level where dissociation reactions of alkylperoxy and hydroperoxyalkylperoxy radicals are more rapid than the reverse addition steps. The second stage is controlled by the onset of dissociation of hydrogen peroxide. At the highest compression temperatures achieved, little or no first-stage ignition is observed. Particular attention is given to the influence of heat transfer and the importance of regions of variable temperature within the compressed gas volume. Implications of this work on practical ignition problems are discussed.
Introduction
Hydrocarbon ignition is important in many practical combustion systems, including internal combustion engines, detonations, pulse combustors, and flame initiation. The rapid compression machine (RCM) is used frequently to study kinetics of hydrocarbon autoignition [1] [2] [3] [4] [5] [6] [7] [8] , since reactive gas temperatures are similar to those in automotive engines during diesel ignition and end-gas autoignition in spark-ignition engines.
The RCM provides a rich environment for study of hydrocarbon oxidation, including degenerate chain branching, alkylperoxy radical isomerization, and thermal feedback [9] . Hydrocarbon oxidation studies in the RCM have been summarized [10, 11] , and many classes of fuels have been studied. Detailed kinetic modeling is another tool to study autoignition in the RCM [4, 12] . The present work was intended to determine experimentally the influence of variations in fuel molecular structure on autoignition and to use a kinetic model to understand those variations. This study is unique because although other studies have addressed effects of variations in pressure and equivalence ratio [12] , this work addresses effects of variations in fuel molecular structure for all isomers of a single fuel, pentane, in an RCM. The three isomers of pentane possess many of the structural elements that determine such autoignition characteristics as octane number and variability in cool flame production.
Experimental Results
The Lille experimental facility rapidly compresses reactive mixtures of hydrocarbon/oxygen/inert by a piston stroke. The overall compression ratio was 9.28, and compression time in this study was 60 ms. The piston stops at the end of its travel (top dead center, TDC) where the reacting mixture remains at constant volume. Pressure-time data during the compression and constant volume periods were measured by a Kistler transducer and recorded at a sampling rate of 25 kHz. Light emission associated with the cool flame was measured by a photomultiplier fitted with a blue-colored filter. Full details of the apparatus and experimental procedures have been described [13, 14] .
Pressure and temperature at TDC must be known as precisely as possible. Pressure at TDC is measured experimentally, but temperature at TDC is not readily accessible by measurement and must be calculated from the pressure according to a suitable model. The assumption of adiabatic compression is unrealistic in the present case because at least two factors can alter the temperatures during compression, including heat losses to the chamber walls and Prescribed by ANSI Std Z39-18
Fig. 1. Delay times of cool flame and total ignition for stoichiometric mixtures of isopentane/oxygen/inert at initial pressures of 400 (a) and 300 (b) torr. Open (cool flame) and filled (total ignition) symbols, experiment; T, core gas temperature at TDC. Solid line, simulation including the compression phase; dashed line, simulation without the compression phase; T, core gas temperature at TDC. heat release from chemical reactions. Experimental pressures at TDC are usually lower than theoretical pressures calculated with the adiabatic law, suggesting that heat losses during compression are greater than reactive heat release.
Therefore, temperatures at the end of compression were calculated from the pressure at TDC, the initial pressure and temperature, the compression ratio, and the perfect gas law. Temperatures computed in this manner represent spatial averages because, due primarily to heat losses to the combustion chamber walls, different regions in the compressed gas have local temperatures that are different from the averaged temperature. Autoignition delay times computed from this average temperature can therefore produce results either longer or even shorter than the experimentally determined values [12] .
The reaction mixture at TDC is not homogeneous but includes pockets of hotter gas that do not experience heat loss, as observed by laser-induced fluorescence of formaldehyde in an optical motored engine [15] . The adiabatic core gas model [16] is based on the assumption of an adiabatic core zone, surrounded by a boundary zone that cools by heat transfer. Pressure is assumed homogeneous in the chamber, but not the temperature. The core gas volume shrinks with time and vanishes when the reaction time becomes sufficiently long. Temperature at TDC was measured in the center of the rapid compression machine using laser Rayleigh scattering [17] and agrees well with theoretical adiabatic core gas temperatures [18] calculated from the initial temperature, pressure at TDC, and temperature-dependent specific heats of the reactants. Temperature measurements by thermocouple show that the core gas occupied about 80% of the chamber [19] . Reduced temperature inhomogeneities have been observed before ignition and can be explained by the negative temperature coefficient of reaction through its feedback action on the heat release.
Delay times for the first-(cool flame) and secondstage ignition of n-pentane, isopentane, and neopentane were deduced from pressure and light emission traces. Reactive mixtures consisted of fuel/oxygen/ diluent in the ratio 1/8/30.08; when the diluent was N 2 , the mixture was stoichiometric pentane/air. To reach compression temperatures over the range 640-900 K, part or all of the nitrogen was replaced by argon or carbon dioxide. For each fuel, 12 stoichiometric mixtures were studied. At least three identical experiments were conducted on each mixture with initial pressures of 300 and 400 torr. Experimental ignition delay times are plotted versus TDC core gas temperature in Figs. 1-3 . The autoignition behavior can be characterized by the following quantities: the lowest temperature at which autoignition takes place (T 1 ), the extent of the negative temperature coefficient (NTC) zone (T min , T max ), the minimum and maximum ignition delay times within that zone (t min , t max ), and the extent of the cool flame (CF) zone (T CFmin , T CFmax ). These values are reported in Table 1 .
Isopentane (research octane number [RON] ‫ס‬ 92.3) is the least-reactive pentane isomer, and its ignition delay times in the NTC zone are the longest (Table 1) . Ignition was not observed below 690 K; a clear negative temperature coefficient of the reaction rate was seen between 730 and 820 K, and the Fig. 2 . Delay times of cool flame and total ignition for stoichiometric mixtures of neopentane/oxygen/inert at initial pressures of 400 (a) and 300 (b) torr. Open (cool flame) and filled (total ignition) symbols, experiment; T, core gas temperature at TDC. Solid line, simulation including the compression phase; dashed line, simulation without the compression phase; T, core gas temperature at TDC. Fig. 3 . Delay times of cool flame and total ignition for stoichiometric mixtures of n-pentane/oxygen/inert at initial pressures of 400 (a) and 300 (b) torr. Open (cool flame) and filled (total ignition) symbols, experiment; T, core gas temperature at TDC. Solid line, simulation including the compression phase; dashed line, simulation without the compression phase; T, core gas temperature at TDC. temperature range of 700-755 K in which cool flames were observed is narrow.
n-Pentane (Fig. 3) is the most reactive isomer. Its low octane number (RON ‫ס‬ 61.7) is consistent with a low ignition limit T 1 of 650 K and the shortest ignition delay times in the NTC zone. The NTC and the cool flame zone extend over wide ranges of temperature: 755-845 K and 665-845 K, respectively, at 400 torr.
The ignition limit for neopentane is about 670 K, intermediate between n-pentane and isopentane, consistent with its octane number (RON ‫ס‬ 85.5). However, some peculiarities should be noted. The ignition delay decreases slowly with temperature after about 770 K at both initial pressures (Fig. 2) , and a negative temperature dependence is not observed. Experiments at 200 torr (not presented here) showed a weak NTC behavior between 770 and 850 K. In a high-pressure flow-reactor study of neopentane oxidation, Wang et al. [20] observed NTC behavior but noted it was much less pronounced than for n-pentane under comparable conditions.
Another interesting feature of neopentane autoignition is the persistence of cool flame activity over the entire range of investigated temperatures. Moreover, for compression temperatures above 770 K, the cool flame occurs during the compression stroke. The measured pressure at TDC is therefore influenced by heat release from the cool flame and results in core gas temperatures about 20 K greater for these cases for neopentane than for the other isomers without cool flame behavior during compression.
Modeling of Ignition Delay Times
The chemical kinetic reaction mechanisms used for these simulations are based on a long history of mechanism development. There have been recent modeling studies of n-pentane [4, 12, 20] , neopentane (2,2-dimethyl propane) [20] [21] [22] , and isopentane (2-methyl butane) [21] . These mechanisms are refined continually, but the three mechanisms used here are at the same level and detail as that reported [21] for neopentane. The three mechanisms were combined into a single, larger mechanism which is too large to include here but is available from the authors. No mechanism modifications were made to alter the computed results or their level of agreement with experimental data.
The numerical model computed reactant evolution through the compression stroke and the subsequent constant-volume period. During compression, there is considerable turbulence and mixing of the reactants in the combustion chamber, so heat losses to combustion chamber walls can be presumed to be distributed rather uniformly throughout the mixture. Once the piston stopped, heat losses were assumed to come from gases near the chamber wall, leaving an adiabatic core that retained heat for a longer period of time. Therefore heat losses were included for the compression stroke and neglected during the constant volume period. This assumption should be reasonably valid except for long autoignition times after the end of compression, when heat transfer from the core renders it no longer adiabatic. To include the effects of heat losses to the chamber walls, a non-reactive experiment was carried out, replacing oxygen with additional nitrogen. A time-dependent, distributed heat-transfer coefficient was then determined to be used during the compression stroke so the computed pressure history matched the experimental results, as seen in Fig. 4 . In another series of model computations, the pressure measured at TDC and the resulting core gas temperature were used as initial conditions, without simulating the compression stroke and considering the system as adiabatic. The results shown as dashed lines in Figs. 1-3 are not very different from those in which simulations of reactions during the compression stroke were included. Therefore the concept of a core gas at TDC is a satisfactory approximation for modeling autoignition within the operating conditions of the Lille RCM, except in those cases where long ignition delay times affect the core temperature.
Results
Computed results are shown as curves in Figs. 1-3 , again showing the time of onset of the first-stage ignition and the time of the final ignition. Results computed when the compression period was not modeled are shown as dashed curves.
Overall agreement between computed and experimental results is generally very good for both total ignition delay and the time of the first-stage ignition. Only for the lower-pressure experiments with isopentane are differences quantitatively significant, with computations indicating ignition at about 60 ms, while experiments showed ignition at about 100 ms. At these long experimental ignition delay times, the assumption in the model of adiabatic conditions may be inaccurate. To test this hypothesis, computed constant-volume portions of these histories were repeated, introducing heat loss with the same rate as used during the compression stroke. With the same heat-loss rate, these simulations failed to ignite. Even with smaller rates of heat transfer, these mixtures either failed to ignite, or ignited at very long elapsed times. It is apparent that differences between computed and experimental ignition delay times for isopentane are due to uncertainties in the heat-transfer treatment in the model and that the adiabatic core in the experimental problem is affected by heat transfer for reaction times of more than about 40 ms. In all cases for the other isomers, ignition was rapid and vigorous in both the model and experiment, and the adiabatic core was insensitive to heat losses.
The relative behavior of the isomers of pentane is illustrated in Fig. 5 , showing computed temperatures for each isomer at a compression temperature of 757 K and initial pressure of 400 torr. The compression histories of the three cases are virtually identical, but the constant-volume ignitions are quite different. All three show a distinct first-stage ignition, but the time delays for that first ignition are very short (2.4 ms) for n-pentane, longer for neopentane (6 ms), and much longer for isopentane (7.5 ms). Temperature increase (DT ‫ס‬ 163 K, 106 K, 70 K, respectively) and fuel consumption (Dfuel ‫ס‬ 41%, 21%, and 20%, respectively) during first-stage ignition for n-pentane, neopentane, and isopentane are quite different, as is the duration of the firststage ignition (0.7 ms, 3 ms, 2.6 ms, respectively). Onset of the second stage occurs in the same order as expected from octane ratings for these fuels.
For each pentane isomer, low-temperature oxidation takes place via alkylperoxy radical isomerization [e.g., 23, 24] . At these temperatures, the main reactions for pentane isomers are H-atom abstraction from the fuel, primarily by OH H-atom abstraction by OH varies weakly with the type of C-H bond being broken, with primary C-H bonds being somewhat stronger than secondary C-H bonds, and tertiary bonds being weakest, so Hatom abstraction will produce each type of alkyl radical possible for each isomer. Processes leading to first-stage ignition begin by addition of molecular oxygen to the pentyl radicals: Pentylperoxy radicals then isomerize via internal abstraction of H atoms. Rates of these isomerizations depend primarily on two major elements, the type of C-H bond being broken and the number of atoms in the transition state ring through which the H atom is abstracted. The activation energy E iso for isomerization can be written [24] as the sum of ring strain energy, E rs ; the bond energy for the bond broken, E bond ; and the endothermicity, DE, of the overall reaction.
rings, either (1,4p) or (1,4s) reactions, or the initial H-atom abstraction is inhibited because it involves the more strongly bound primary C-H bonds. Therefore, the overall rate of chain branching in isopentane is lower than that in neopentane by at least a factor of 3, and its ignition rate is considerably slower than that of neopentane. The first-stage ignition ends when the temperature has increased enough to reverse the addition reactions of molecular oxygen to alkyl and hydroperoxyalkyl radicals. The alkylperoxy radicals then decompose via lower activation energy chain propagation pathways to produce olefin ‫ם‬ OH and epoxide ‫ם‬ HO 2 species, effectively shutting off the chain-branching reaction pathways, and reaction remains slow until higher temperatures activate new, alternative reaction pathways.
For all three isomers of pentane, the second stage or hot ignition has exactly the same kinetic source. As seen in Fig. 5 , all three fuels ignite at approximately the same temperature of about 950 K. For the pressures of this study, this is the temperature at which hydrogen peroxide (H 2 O 2 ) decomposes at a significant rate. Low-temperature reactions produce an increasing amount of H 2 O 2 that is stable until its decomposition temperature is reached; since this reaction is part of the H 2 /O 2 reaction submechanism, it is independent of the specific hydrocarbon fuel being studied. Past kinetic modeling studies have demonstrated that this same decomposition reaction is responsible for the onset of knock in spark-ignition engines [21, 25, 26] , ignition in diesel engines [26, 27] , and ignition under homogeneous charge compression ignition (HCCI) conditions [26, 28] .
Kinetic modeling shows that the isomers of pentane ignite at different times primarily because their different first-stage ignitions cause them to arrive at the hot ignition temperature at different times. The most reactive isomer, n-pentane, has the most vigorous first-stage ignition and the greatest associated amount of temperature increase, while neopentane has a slower first-stage ignition with less temperature increase. Isopentane has the slowest first-stage ignition and the least heat release. These differences in first-stage ignition properties are attributable to differences in their molecular structure and the types of C-H bonds in these molecules. Following the end of the first-stage ignition, n-pentane is closest to the onset of hot ignition determined by H 2 O 2 decomposition.
It is clear that low-temperature, alkylperoxy radical isomerization plays a major role in many practical, applied ignition situations, including engine knock and diesel ignition. In addition, the overall success of the kinetic model to describe the experimental results indicates that the most important kinetic features of these problems are captured by these reaction mechanisms, in particular the influences of fuel molecular size and structure. Finally, the value of the RCM to examine these issues has again been confirmed; in addition, this work has been able to examine the sensitivity of some RCM experiments to details in the heat-transfer model and spatial inhomogeneities in temperature in the combustion chamber.
